The origin of biological homochirality, such as that found in [l]{.smallcaps}-amino acids, is a fundamental question that has attracted the interest of scientists from a wide range of research areas.\[[@b1]\] Although there are several possible origins of homochirality, propagation and amplification of chirality generated from the initial breaking of symmetry are also key topics for the evolution of homochirality. Asymmetric autocatalysis with amplification of chirality has been suggested as a mechanistic model for the evolution of homochirality. In this reaction, a chiral product serves as an asymmetric catalyst to produce more of itself; the process is thus an automultiplication of the chiral compound.

We found asymmetric autocatalysis with amplification of the enantiomeric excess (*ee*) in a real chemical reaction (Scheme [1](#sch01){ref-type="scheme"}).\[[@b2]--[@b4]\] When diisopropylzinc (*i*Pr~2~Zn) is added to pyrimidine-5-carbaldehyde **1** in the presence of a catalytic amount of (*S*)-pyrimidyl alkanol **2** with a low *ee*, asymmetric autocatalytic amplification of the *ee* produces (*S*)-**2** with high *ee* as the final product. Early autocatalytic work with pyrimidine-5-carbaldehyde\[[@b2]\] and 2-methylpyrimidine-5-carbaldehyde was succeeded by the use of superior 2-alkynyl analogues\[[@b2b]\] and the amplification efficiency was dramatically increased to obtain product **2** with more than 99.5 % *ee* after consecutive asymmetric autocatalytic amplification, even when the initial catalyst has only ca. 5×10^−5^ % *ee*. This unique property means that, in addition to chiral molecules, a trace imbalance of chirality induced by chiral triggers such as circularly polarized light,\[[@b5]\] crystal chirality,\[[@b6]\] various chiral materials,\[[@b7]\] or isotope chirality\[[@b8]\] can also be amplified to afford enantioenriched alkanol **2** with corresponding absolute configurations. Furthermore, spontaneous absolute asymmetric synthesis can be achieved by using this reaction.\[[@b9]\]

![Asymmetric autocatalytic reaction of pyrimidyl alkanol.](anie0054-15218-f4){#sch01}

Although the theory of asymmetric amplification during self-replication was first proposed in 1953,\[[@b10]\] the above reaction remains the only practical example of a chemical reaction involving asymmetric autocatalysis that leads to high levels of amplification of *ee*. Several studies have been undertaken to understand the mechanism of this reaction. The large amplification of *ee* observed in this autocatalytic reaction is often explained by the formation of aggregates, which has been proposed to account for the positive nonlinear effect observed during asymmetric catalysis.\[[@b11]\] Mechanistic studies based on kinetic experiments,\[[@b12]\] reaction modeling,\[[@b13]\] NMR,\[[@b14]\] and DFT calculations\[[@b15]\] have been examined by several research groups. Early analysis of autocatalysis kinetics showed this to be incompatible with the reactive monomer model from non-autocatalytic asymmetric zinc alkylation,\[[@b11c]\] and indicated that a homochiral dimer was the active entity, with heterochiral dimers being inactive.\[[@b12b]\] Dimeric catalysis with a tetramic transition-state cycle was then suggested based on the nearly second-order kinetics with respect to the aldehyde.\[[@b12d]\] NMR spectroscopy also supported the existence of dimer species\[[@b14b]\] and DFT calculations based on this mechanism suggested a difference in catalytic activity between enantiopure and racemic dimers.\[[@b15d]\] However, the observed significant amplification efficiency\[[@b12]\],\[[@b12c]\] cannot be fully explained by these models. The inclusion of tetramers or higher oligomers in the reaction system was proposed.\[[@b15c]\],\[[@b15e]\] Recently, NMR studies revealed the existence of tetramers or higher species and kinetics studies showed an inverse temperature dependence of the reaction, which also support the involvement of tetramers or higher oligomers. ^\[14c,d\]^ Furthermore, various possible conformations of oligomers were calculated by DFT method.\[[@b15h]\] Irrespective of whether the active catalyst or resting state is a dimer or higher oligomer(s), the formation of an aggregate seems to be a key feature of this reaction. However, no detailed structural study of the asymmetric autocatalyst has been undertaken by X-ray diffraction analysis.\[[@b16]\]

Herein, we report the single-crystal X-ray analysis of the asymmetric autocatalyst **3**, that is, the isopropylzinc alkoxide of **2**, and reveal that, depending on the conditions, enantiopure and racemic alkoxides can have completely different structures (Scheme [2](#sch02){ref-type="scheme"}).

![Crystallization of the zinc alkoxide of 5-pyrimidyl alkanol.](anie0054-15218-f5){#sch02}

Single crystals of enantiopure zinc alkoxide were generated by reacting enantiopure (*S*)-5-pyrimidyl alkanol **2** with excess neat *i*Pr~2~Zn (8.4 equiv) at room temperature; the alkanol was dissolved by heating at 80 °C and single crystals were obtained after allowing the solution to stand at room temperature for 1--2 weeks. Racemic zinc alkoxide was obtained similarly by reacting racemic alkanol **2** with an excess of neat *i*Pr~2~Zn (8.4 equiv).

Single-crystal X-ray diffraction analysis, which was performed at 100 K, revealed that the enantiopure alkoxides form a tetramer structure in the orthorhombic space group *P*2~1~2~1~2~1~ (Crystal **A**, Figure [1 a](#fig01){ref-type="fig"}), and that racemic alkoxides form a tetramer structure in the monoclinic space group *C*2/*c* (Crystal **B**, Figure [1 b](#fig01){ref-type="fig"}). In both structures, two alkoxides form Zn~2~O~2~ square dimers and two dimers coordinate to each other to form a 12-membered macrocycle through nitrogen coordination to the zinc atom in a Zn~2~O~2~ square; both structures contain coordinatively unsaturated zinc. In the racemic tetramer **B**, (*R*)- and (*S*)-alkoxides form Zn~2~O~2~ square dimers, and macrocycle were also constructed with (*R*)- and (*S*)-alkoxides. This Zn~2~O~2~ square and macrocycle tetramer structure has good accordance with the proposed stable tetramer structure by DFT calculations including steric hindrance of isopropyl group.[@b16] In the chiral tetramer **A**, six *i*Pr~2~Zn moieties coordinate to the nitrogen atoms that do not coordinate to the Zn~2~O~2~ square. These coordinated *i*Pr~2~Zn are activated by nitrogen coordination, with C-Zn-C angles of 156-164°, and with a C--Zn bond length of 1.99--2.01 Å.\[[@b16]--[@b18]\] In the racemic alkoxide crystal **B**, four *i*Pr~2~Zn moieties coordinate.

![Single-crystal X-ray structures and simplified schematic drawing of alkoxide tetramer crystalized with excess *i*Pr~2~Zn. a) Enantiopure alkoxide tetramer crystal A. b) Racemic alkoxide tetramer crystal B.](anie0054-15218-f1){#fig01}

The most remarkable difference between enantiopure and racemic alkoxide is the direction of the outer alkoxide groups. In the racemic tetramer **B**, two Zn~2~O~2~ rings are located on the side opposite to the 12-membered macrocycle and the pyrimidyl alkoxide is also located on the opposite side. In contrast, in the chiral tetramer **A**, the Zn~2~O~2~ rings are located on the same face as the 12-membered macrocycle and the pyrimidyl alkoxides form a face-to-face structure. The Zn--N distance in the 12-membered macrocycle is slightly extended because of this face-to-face structure (Zn--N distance of 2.20 and 2.26 Å for racemic **B** and enantiopure **A** crystal structures, respectively). Thus, the enantiopure tetramer seems to be less stable than the racemic tetramer.\[[@b19]\]

Zinc alkoxide with oligomeric structures[@b16] was also observed upon changing the crystallization conditions. Mixing 1--2 equivalents of *i*Pr~2~Zn with either enantiopure or racemic alkanol afforded Crystals **C** and **D**, respectively, with different structures (Figure [2](#fig02){ref-type="fig"}). Similar to the tetramer structure, Zn~2~O~2~ dimer structures were bridged through coordination of the zinc atoms to the pyrimidine nitrogen atoms. In these structures, Zn--N coordination led to a one-dimensional (1D) oligomer structure. Although the crystal packing and parameters are different for the enantiopure and racemic oligomer crystals, in contrast to the tetramer structures, the 1D oligomer structures of the alkoxides (for example, the angle of the Zn~2~O~2~ square) are quite similar in the enantiopure (**C**) and racemic (**D**) versions. These results suggest that higher oligomeric structures of both enantiopure and racemic alkoxides exist in the reaction mixture as an equilibrium that depends on the concentration of the alkoxide and *i*Pr~2~Zn.

![Single-crystal X-ray structures and simplified schematic drawing of alkoxide oligomer crystallized with 1--2 equiv *i*Pr~2~Zn. a) Enantiopure alkoxide oligomer crystal C. b) Racemic alkoxide oligomer crystal D.](anie0054-15218-f2){#fig02}

In the tetramer crystal **A**, the coordinatively unsaturated zinc is considered to play an important role in the coordination and activation of the aldehyde. When enantiopure catalyst is crystallized in the presence of THF, a highly coordinating solvent, THF occupies the coordination site of the tricoordinating zinc atom to form a crystal **E** of a different structure from crystal **A** (Figure [3](#fig03){ref-type="fig"}). This result is thus consistent with the fact that the asymmetric autocatalytic reaction of pyrimidyl alkanol is suppressed in the presence of THF.\[[@b15b]\]

![THF-coordinated structure of enantiopure tetramer Crystal E.](anie0054-15218-f3){#fig03}

In conclusion, we have obtained single crystals of the zinc alkoxide of pyrimidyl alkanol. The X-ray structure analysis of these crystals constitutes the first direct observation of the aggregate structure of an asymmetric autocatalyst. Both enantiopure and racemic alkoxides form either tetramer or higher oligomeric structures, the form of which changes dramatically depending on the enantiopurity, amount of *i*Pr~2~Zn, and solvent. We believe that these coordinative tetramer structures may be key for delivering the high enantiomeric amplification and spontaneous symmetry breaking in the asymmetric autocatalytic reaction of pyrimidyl alkanol.

Experimental Section
====================

Experimental Details for the preparation of Crystals **A**--**E** and X-ray diffraction analysis were described in supporting information. CCDC 1420664 (crystal **A**), 1420666 (crystal **B**), 1420663 (crystal **C**), 1420665 (crystal **D**), and 1420667 (crystal **E**) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.
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